The bacterial heat shock response is characterized by the elevated expression of a number of chaperone complexes. Two-dimensional polyacrylamide gel electrophoresis revealed that GroEL expression in probiotic Lactobacillus paracasei NFBC 338 was increased under heat adaptation conditions (52°C for 15 min). Subsequently, the groESL operon of L. paracasei NFBC 338 was PCR amplified, and by using the nisin-inducible expression system, two plasmids, pGRO1 and pGRO2, were constructed on the basis of vectors pNZ8048 and pMSP3535, respectively. These vectors were transferred into Lactococcus lactis(pGRO1) and L. paracasei(pGRO2), and after induction with nisin, overexpressed GroEL represented 15 and 20% of the total cellular protein in each strain, respectively. Following heat shock treatment of lactococci (at 54°C) and lactobacilli (at 60°C), the heat-adapted cultures maintained the highest level of viability (5-log-unit increase, approximately) in each case, while it was found that the GroESL-overproducing strains performed only moderately better (1-log-unit increase) than the controls. On the other hand, the salt tolerance of both GroESL-overproducing strains (in 5 M NaCl) was similar to that of the parent cultures. Interestingly, both strains overproducing GroESL exhibited increased solvent tolerance, most notably, the ability to grow in the presence of butanol (0.5% [vol/vol]) for 5 h, while the viability of the parent strain declined. These results confirm the integral role of GroESL in solvent tolerance, and to a lesser extent, thermotolerance of lactic acid bacteria. Furthermore, this study demonstrates that technologically sensitive cultures, including certain probiotic lactobacilli, can potentially be manipulated to become more robust for survival under harsh conditions, such as food product development and gastrointestinal transit.
Probiotic strains must have demonstrable benefits to host health and have GRAS (generally recognized as safe) status. Furthermore, from a food processing perspective, such strains should be suitable for large-scale industrial production by possessing the ability to survive both food processing conditions and storage (36) . Problems that are frequently associated with the incorporation of probiotic strains into food products include the poor temperature, salt, and oxygen tolerance of some species. Approaches taken to address these problems include the use of oxygen-impermeable containers, microencapsulation (6) , incorporation of nutrients, and selection of stressresistant strains (34) . A well-characterized phenomenon among lactic acid bacteria (LAB) and many other microbial systems is sublethal stress, which can lead to an elevated state of resistance (7, 18, 29) . In a previous study, we observed that when prestressed by either heat (52°C for 15 min) or salt (0.3 M for 30 min), the probiotic strain Lactobacillus paracasei NFBC 338 survived up to 300-fold better than unadapted control cells during heat stress and 18-fold better during spray drying (7) .
Advances in genomics and proteomics have led to the identification of genes involved in Lactobacillus stress responses, such as the molecular chaperone groESL and dnaK (heat stress) (29, 33, 41) , methionine sulfoxide reductase (oxygen stress) (42) , and F 1 F 0 -ATPase (acid stress) (21) genes. In particular, the chaperone proteins are considered essential components of the heat shock response in that they guide proteins along the proper pathways for folding. Many are termed heat shock proteins, because they are produced in large amounts when cells are exposed to heat, which makes misfolding more common. The two major groups of chaperone proteins are the 70-kDa DnaK family and the 60-kDa GroE family (14) . The latter GroEL-GroES complex forms an enclosed environment for the correct folding of proteins under normal growth conditions and under conditions of cellular stress (14) . Indeed, levels of cellular stress can be measured by changes in GroESL levels of expression in some cases (30) . Biochemical and structural studies have revealed that the GroEL chaperone acts with its partner, cochaperone GroES, as a two-stroke ATP-regulated folding machine. Two internal cavities, which can bind partially unfolded proteins, are created by the GroEL tetradecamer, which forms two back-to-back rings, each with seven subunits. When the substrate protein is bound, ATP binds to the nucleotide-binding site of the seven subunits, causing the hinge to open. In response to ATP binding, the GroES "lid" closes on the cavity, the protein is allowed to resume folding and is ejected by the binding of protein or ATP in the opposite cavity (43) . It has been shown that the Escherichia coli chaperone GroEL can interact with up to 50% of soluble proteins when they are in a nonnative state, and indeed, in GroEL-deficient cells about 30% of proteins remain misfolded (43) .
The L. paracasei NFBC 338 strain fulfills a number of the criteria outlined for the selection of probiotic strains, including being of human intestinal origin, exhibiting bile and acid tolerance, and being technologically compatible with cheese manufacture (12) and spray drying (13) . Furthermore, data indicate that ingestion of L. paracasei NFBC 338 is associated with products were purified using a Qiaquick PCR purification kit (QIAGEN). Restriction enzymes (New England Biolabs, Beverly, Mass.) were used per the manufacturer's instructions. T4 DNA ligase (New England Biolabs) was used for ligation reactions at 15°C overnight.
PCR was performed using the Expand High-Fidelity PCR system (Roche Diagnostics, East Sussex, United Kingdom). The groES and groEL genes were amplified from L. paracasei NFBC 338 by designing primers against a conserved region of groEL on the basis of multiple sequence alignments of the groESL operon from Lactobacillus johnsonii (GenBank accession no. AF214488), Lactobacillus helveticus (GenBank accession no. AF031929), and Lactobacillus zeae (GenBank accession no. AF010281) using the groF primer (GAA GGT ATG AAG AAC GTT AC) and groR primer [TT(A/G) GTT GGG TC(A/G) ATA ATA CC]. Sequencing this fragment from the L. paracasei NFBC 338 operon revealed that it was 99% similar to that of L. zeae (GenBank accession no. AF010281); therefore, primers for the full-length L. paracasei NFBC 338 operon (groESLF primer [ACATGCATGC GGA GGG ATT GCC TTG TT] and groESLR primer [GCTCTAGA TTA CAT CAT ACC GCC]) were designed on the basis of the known L. zeae sequence, and they also contain the restriction sites for the SphI and XbaI enzymes (underlined).
PCR was performed using a Hybaid PCR express unit (Hybaid Ltd., Hampshire, United Kingdom) in 50-l volumes containing 2 g of DNA, 17.5 mM MgCl 2 , 50 pmol of each primer, and 2.5 U of Expand High-Fidelity enzyme. Negative PCR controls without template DNA were also included. The authenticity of the groESL insert was verified in four individual pTOPO (Invitrogen Ltd., Paisley, United Kingdom) clones by sequencing with an automated DNA sequencer (MWG-BIOTECH Custom DNA Sequencing Service, Ebersberg, Germany) using standard M13 forward and reverse primers. Sequence analysis of the insert was performed using DNAStar software (DNAStar, Madison, Wis.). Only one of the four clones had the consensus sequence and so was deemed to have no PCR-generated errors. The resulting 1,965-bp product from this clone was then introduced into the SphI and XbaI sites in the multiple cloning site of the vectors pNZ8048 (4) and pMSP3535 (2), resulting in plasmids pGRO1 and pGRO2, respectively. These steps were performed using L. lactis as a host. L. lactis (pGRO1) was grown on GM17 agar containing chloramphenicol (5 g/ml), and L. paracasei NFBC 338 (pGRO2) was grown on MRS agar containing erythromycin (10 g/ml).
Electrocompetent L. lactis cells were prepared and transformed by the method of de Ruyter et al. (4) , while electrocompetent L. paracasei NFBC 338 cells were prepared using 3.5ϫ SMEB by the method of Luchansky et al. (23) .
SDS-polyacrylamide gel analysis of GroESL overexpression. GroESL from probiotic L. paracasei NFBC 338 was expressed in lactococci and lactobacilli using the nisin-inducible expression (NICE) system (4), which allows maximum protein expression at sublethal concentrations of nisin and is tightly controlled so that there is negligible expression in the absence of nisin (5) . pGRO1 was introduced into L. lactis NZ9800, an MG1363 derivative containing the nisRK signal transduction genes integrated on the chromosome, while pGRO2, which was introduced into L. paracasei NFBC 338, is a plasmid that contains nisRK in addition to the promoter, PnisA.
To examine the levels of GroESL overexpression that could be achieved upon induction after introduction of the plasmids into L. lactis and L. paracasei NFBC 338, cells were induced with nisin as follows. Cultures at an OD 600 of 0.5 were induced with nisin (10 ng/ml for L. lactis and 50 ng/ml for L. paracasei NFBC 338) for 1, 3, and 5 h. Aliquots were taken at intervals after nisin induction, and whole-cell protein extractions performed. The control in each case was the nisin-induced Lactococcus or Lactobacillus strain with pNZ8048 or pMSP3535, respectively. Cells (1 ml) were harvested and washed twice in 20 mM Tris-Cl (pH 7.5). The cells were sonicated three times for 30-s pulses at maximum amplitude, with 1-min intervals on ice. The cell lysate was then centrifuged for 5 min at 8,000 ϫ g to remove cell debris. The protein extracts were analyzed by SDS-PAGE using a Mini Protean II cell unit (Bio-Rad) by the method of Laemmli (22) with a 17% acrylamide (appropriate for ϳ60-kDa proteins, such as GroEL) or 20% acrylamide (appropriate for ϳ10-kDa proteins, such as GroES) resolving gel. A prestained standard (range, 6.5 to 205 kDa; Sigma) was used as a molecular mass marker. Densitometric analysis of the protein spots was performed using the software package Investigator HT Analyzer version 2.1 (Genomic Solutions Ltd.).
Investigation of the stress tolerance of GroESL-overproducing L. lactis and L. paracasei NFBC 338. Four cultures (40 ml each) were each grown to an OD 600 of 0.5 and were then induced with nisin (10 ng/ml for 1 h for L. lactis and 50 ng/ml for 2 h for L. paracasei NFBC 338). Thermotolerance of L. lactis was investigated by monitoring survival in GM17 broth at 54°C for 30 min with constant agitation. Aliquots were removed at 0, 5, 10, 15, and 30 min, and the first seven serial dilutions were plated on GM17 agar and then incubated at 30°C for 48 h. The L. The thermotolerance of L. paracasei NFBC 338 was investigated at 60°C in MRS broth for 30 min with constant agitation. Aliquots were removed at 0, 5, 10, 15, and 30 min, and the first seven serial dilutions were plated on MRS agar and then incubated at 37°C for 72 h. The Lactobacillus cultures tested were as follows: (i) L. paracasei NFBC 338(pMSP3535), nisin induced; (ii) L. paracasei NFBC 338(pMSP3535), nisin induced (and heat adapted at 52°C for 15 min); (iii) L. paracasei NFBC 338(pGRO2), uninduced; (iv) L. paracasei NFBC 338 (pGRO2), nisin induced; and (v) L. paracasei NFBC 338(pGRO2), nisin-induced (and heat adapted at 52°C for 15 min). Salt tolerance was determined upon the addition of 5 M NaCl, and culture viability was monitored for 1 h with aliquots taken at 10-min intervals. Solvent tolerance was determined upon the addition of butanol (0.5% [vol/vol]), and survival was monitored for 6 h at 37°C.
Nucleotide sequence accession number. The nucleotide sequence data represented in this study has been submitted to GenBank and assigned accession number AY631040.
RESULTS
GroEL is upregulated during heat shock. In an effort to identify intracellular proteins that contribute to the heat shock response, 2D electrophoretograms of heat-adapted (52°C for 15 min) and control probiotic L. paracasei NFBC 338 cultures in early log phase (OD 600 of 0.3) were compared. Expression of at least 12 proteins had changed as a result of heat exposure (Fig. 1) . The most dramatic change observed was the level of expression of a 60-kDa protein in the heat-adapted culture compared with that of the control culture. This protein was identified after trypsin digestion and mass spectrometry as GroEL, which received a protein score of 161 compared with GroEL of L. zeae (GenBank accession no. AF010281). GroEL from L. paracasei NFBC 338 displayed a molecular mass of 57.4 kDa and an isoelectric point of 4.89, similar to those reported for the GroE systems of Bacillus subtilis (32) , Propionibacterium freudenreicheii (17) , and Lactobacillus rhamnosus (29) . Two of the remaining 11 proteins affected by heat exposure were identified as ATP synthase beta chain (EC 3.6.1.34) (protein score of 95) and modification methylase SCRF1-A (EC 2.1.1.73) (protein score of 73).
Sequencing of the groESL operon from L. paracasei NFBC 338. groEL DNA was amplified from the chromosome of L. paracasei NFBC 338 using primers designed against a conserved region in three Lactobacillus groEL sequences on the basis of multiple sequence alignments. Sequencing of the resulting fragment (1,307 bp) revealed a high level of similarity (99%) to groESL of L. zeae (GenBank accession no. AF010281). Consequently, primers were designed on the basis of the L. zeae groESL sequence to PCR amplify the 1,953-bp groESL operon from the chromosome of L. paracasei NFBC 338. The sequence of the resulting fragment was found to be 99% similar to that of L. zeae with six nucleotide differences, which gave rise to two amino acid changes.
Overexpression of Lactobacillus GroESL in Lactococcus and Lactobacillus. Given that GroEL appeared to be the main protein upregulated during the heat shock response of L. paracasei NFBC 338, a genetically modified LAB which overexpressed this protein was constructed. groESL from L. paracasei NFBC 338 was heterologously expressed in L. lactis NZ9800 and homologously expressed in the parent strain using the NICE system (4) (Fig. 2A) . In the case of lactococci, this was achieved using the vector pNZ8048, resulting in plasmid pGRO1, where the host strain L. lactis NZ9800 constitutively expressed nisRK. To investigate the level of GroESL expression that could be achieved upon nisin induction, SDS-PAGE analysis was performed (Fig. 2B and C) . Mid-log-phase cells of control L. lactis(pNZ8048) and L. lactis(pGRO1) were induced with 10 ng of nisin per ml, and samples were removed at the time of induction (0 h) and 1, 3, and 5 h after nisin addition. Following nisin induction, L. lactis(pGRO1) overexpressed a protein of approximately 60 kDa which was absent in the nisin-treated control (Fig. 2B ). This protein band was excised and subjected to tryptic digestion and mass spectrometry, from which it was positively identified as GroEL, with a protein score of 107 compared to GroEL from L. zeae. The effect of (B and C) SDS-PAGE illustrating the controlled expression of GroEL and GroES using the NICE system in L. lactis (B) using vector pNZ8048 and in L. paracasei NFBC 338 (C) using vector pMSP3535. Lanes for both gels: 1 and 10, protein standard marker; 2, plasmid control at time zero; 3, plasmid control plus nisin after 1 h; 4, plasmid control plus nisin after 3 h; 5, plasmid control plus nisin after 5 h; 6, GroESL-overproducing strain at time zero; 7, GroESL-overproducing strain plus nisin after 1 h; 8, GroESL overproducing strain plus nisin after 3 h; 9, GroESL-overproducing strain plus nisin after 5 h. (Fig. 2B ).
In the homologous host, the overexpression of GroESL was achieved using the vector pMSP3535, which itself encodes nisRK, resulting in the strain L. paracasei NFBC 338(pGRO2). Midlog-phase cells of control L. paracasei NFBC 338(pMSP3535) and L. paracasei NFBC 338(pGRO2) were induced with 50 ng of nisin per ml, and samples were removed at the time of induction (0 h) and 1, 3, and 5 h after nisin addition. Following nisin induction, L. paracasei NFBC 338(pGRO2) cells overexpressed a protein of approximately 60 kDa compared with the nisin-treated vector control (Fig. 2C) . As before, this protein was positively identified as GroEL, with a protein score of 121 compared with GroEL from L. zeae. A protein of ϳ10 kDa was present in all nisin-treated samples (Fig. 2C) .
Stress tolerance of GroESL-overproducing lactococci. To determine whether GroESL overexpression resulted in improved stress tolerance in LAB, the heterologous host L. lactis was used as a model system. GroESL-overproducing cultures (along with appropriate controls) of Lactococcus were exposed to heat (54°C for 30 min), salt (5 M NaCl for 1 h), or solvent (0.5% [vol/vol] butanol) stress. The performance of both heatadapted (40°C for 30 min) and unadapted parent cultures were included for comparative purposes in the thermotolerance study. The viability of both L. lactis(pNZ8048) and uninduced L. lactis(pGRO1) cultures was reduced by 4.0 log CFU/ml after heat stress at 54°C for 30 min (Fig. 3A) . In contrast, the viability of the heat-adapted parent declined very little (Յ0.3 log CFU/ml) under identical conditions. The induced L. lactis (pGRO1) culture, however, exhibited intermediate viability, declining by Յ3.3 log CFU/ml during heat stress.
It has been demonstrated that the synthesis of GroESL chaperone proteins is induced not only during mild heat stress but also after exposure to salt stress (1) . For this reason, we examined the salt tolerance of L. lactis(pGRO1) when exposed to 5 M NaCl for 1 h. The viability of both L. lactis(pNZ8048) and uninduced L. lactis(pGRO1) was reduced by 1 log CFU/ml after salt stress (Fig. 3B) , while the viability of induced L. lactis (pGRO1) declined only Յ0.6 log CFU/ml under identical conditions.
We also tested the hypothesis that overexpression of GroESL may increase solvent tolerance (0.5% [vol/vol] butanol) of LAB. Following butanol challenge of L. lactis(pNZ8048) and uninduced L. lactis(pGRO1), the viability of both controls declined after 1 h (Յ0.2 log CFU/ml), and this trend continued over the 6-h period of solvent challenge (Fig. 3C) . In contrast, induced L. lactis(pGRO1) exhibited the ability to grow (increasing by 0.5 log CFU/ml) during 5-h exposure to butanol stress.
Stress tolerance of GroESL-overproducing lactobacilli. To determine whether GroESL overexpression resulted in improved stress tolerance in the homologous host, L. paracasei NFBC 338(pGRO2) was subjected to heat, salt, and solvent stress. Heat adaptation of L. paracasei NFBC 338 was performed at 52°C for 15 min. Exposure of L. paracasei NFBC 338 (pMSP3535) and uninduced L. paracasei NFBC 338(pGRO2) to heat stress (60°C for 30 min) resulted in a decline in viability of 2 log CFU/ml, while the heat-adapted culture proved to be considerably more thermotolerant, declining in viability by only Յ0.5 log CFU/ml (Fig. 4A) . The induced GroESL-overproducing strain, L. paracasei NFBC 338(pGRO2), performed moderately better than the controls, exhibiting a decline in viability of 1 log CFU/ml after heat stress.
Similar to the results obtained with GroESL-overproducing lactococci, the viability of L. paracasei NFBC 338 (pMSP3535) and uninduced L. paracasei NFBC 338(pGRO2) was reduced by 1 log CFU/ml after salt stress (5 M NaCl for 1 h) (Fig. 4B) . In contrast, induced L. paracasei NFBC 338 (pGRO2) declined by Յ0.8 log CFU/ml under identical conditions.
The growth of nisin-induced L. paracasei NFBC 338(pGRO2) increased by 0.5 log CFU/ml during solvent stress (0.5% [vol/ 
. The values shown are the means Ϯ standard errors (error bars) for three challenge trials.
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on October 22, 2017 by guest http://aem.asm.org/ vol] butanol) (Fig. 4C ). This represents a dramatic difference in the growth kinetics during solvent stress of induced L. paracasei NFBC 338(pGRO2) compared with parent cultures. The viability of all lactococcal and Lactobacillus strains declined after 5-h solvent exposure ( Fig. 3C and 4C) , with nisininduced L. lactis(pGRO1), L. paracasei NFBC 338(pGRO2), and the controls declining in viability at the same rate during 30-h exposure to butanol (data not shown).
DISCUSSION
In order for probiotic strains to survive food processing and gastric transit, they have to overcome a wide range of environmental stresses. To withstand such adverse environments, bacteria have evolved complex stress-sensing defenses (40) . This study was designed to identify proteins involved in thermal stress in the probiotic L. paracasei NFBC 338 strain using proteomics and to use this knowledge to engineer the probiotic bacteria to overexpress selected proteins involved in the stress response.
2D-PAGE revealed that the chaperone protein GroEL was among the most strongly expressed proteins in the cell under heat adaptation conditions. Indeed, densitometric analyses indicated an approximately 49.1-fold increase in cells that were preadapted to heat. Kim et al. (18) demonstrated that the transcriptional activity of both chaperones is increased dramatically in response to heat shock and is increased to a lesser extent by ethanol stress. Other studies have shown that when log-phase Lactobacillus cultures were subjected to heat stress, a 15-fold increase in GroEL synthesis was observed compared with only 1.5-fold increase in protein synthesis in stationaryphase cultures (29) .
In this study, the groESL operon of L. paracasei NFBC 338 (41) . The groESL operon in L. johnsonii and in many other microbial systems is preceded by a typical Sigma A promoter (24, 32, 41) . In addition, one or more highly conserved palindromic 9-bp inverted repeats are typically found near the promoter. This structure is termed the CIRCE element (controlling inverted repeat of chaperone expression) and plays a dual role as both a regulatory element and a promoter-proximal operator (44) . For the purpose of controlling the expression of GroESL, we did not employ the native Lactobacillus promoter, but instead cloned the operon under the control of the nisin promoter PnisA. Nisin is an antimicrobial peptide that can be used to induce transcription of genes under the control of PnisA and PnisF promoters via a two-component regulatory system consisting of the histidine protein kinase NisK and the response regulator NisR (19) . The NICE system was developed originally for use in Lactococcus and was subsequently used in other gram-positive bacteria (10, 19, 25) and has proven very versatile in a wide range of applications. The NICE system has previously been used in lactobacilli to successfully synthesize therapeutic molecules (19, 27) and for the nisin-dependent induction of the fusion of a reporter gene, pepI, for the nisA promoter (25) .
In an attempt to assign a phenotype to the GroESL-overproducing strains, we exposed the recombinant cultures to heat, salt, or solvent stress and compared their performance with those of control cultures. Moderate improvements in thermotolerance and osmotic tolerance were observed for both Lactococcus and Lactobacillus GroESL-overproducing strains. For heat tolerance in particular, the level of protection conferred by overexpressing GroESL alone was many orders of magnitude less than that of the heat-adapted cultures. Not surprisingly, better performance was observed in the homologous Lactobacillus GroESL-overproducing strain. Overproduction of GroESL also gave modest improvements in the performance of the recombinant Lactobacillus strain during both spray drying (10-fold increase in survival) and freezedrying (14% increase in survival) compared with that of the control (unpublished data). However, none of the recombinant strains generated in this study gave a response equal to that of the heat-adapted parent cultures. Again, this may be expected, since the heat shock response involves a number of proteins, including DnaK, DnaJ, and GrpE chaperone proteins, tagatose-6-phosphate-aldolase, glyceraldehyde-3-phosphate dehydrogenase, and triose-phosphate isomerase (29) . Thus, overproduction of an entire battery of stress-related proteins, such as DnaK, DnaJ, GrpE, Clp, HtrA, and FtsH, might give better survival, since it would more closely mimic the heat adaptation response of lactobacilli. Indeed, Prasad et al. (29) proposed that for L. rhamnosus, the heat or osmotic adaptation response that leads to an elevated state of cell resistance may be due to the mechanisms associated with stress proteins, glycolysis-related machinery, and other stationary-phase-related proteins and regulatory factors. From previous studies (1, 7), heat adaptation of live microorganisms prior to heat stress has been shown to improve the thermotolerance of lactococci and lactobacilli by up to 300-fold compared with untreated parent strains.
We demonstrated that development of solvent tolerance in both LAB strains was associated with overexpression of GroESL. Previous reports have indicated that growth is the most sensitive cellular activity to solvents; however, the synthesis of heat shock proteins has also been shown to be induced by toxic solvent concentrations (37) , which naturally indicates a link between GroESL expression and solvent stress. Tomas and coworkers (38) reported that GroESL overexpression in Clostridium acetobutylicum increased solvent titers and solvent tolerance, most probably due to the stabilization of the biosynthetic machinery of the cell under solvent stress. This was further supported by the fact that the overall metabolic activity in the GroESL-overproducing strain was reported to be higher than that of the controls. Indeed, the GroESL machinery may even stabilize the cell to help overcome the stress associated with the presence of a plasmid, which is known to be a metabolic burden and a cause of cellular stress (31) . It has been reported that the response of cells to heat shock and alkanols show significant similarities, because both stresses alter membrane fluidity (3, 28) . In addition, organic solvents have been found to permeabilize the cell membrane and disrupt the function of embedded proteins in gram-negative bacteria. In this respect, a fraction of the cellular GroE pool has been shown to bind and associate with membrane lipids, leading to membrane stabilization (39) . The degree of binding is influenced by the composition and physical state of the phospholipid bilayer, demonstrating a link between stress proteins and lipid membrane unsaturation (39) . Increased solvent tolerance as exhibited by the recombinant Lactococcus and Lactobacillus strains in this study may be a useful feature in the development of ethanol-producing LAB (8) or in the development of probiotic products containing alcohol, where growth under harsh solvent stress conditions would be an attribute.
In conclusion, these data suggest that overexpression of stress-induced proteins has the potential to improve the performance of probiotic LAB. In particular, the GroES/EL chaperone complex can be exploited to prepare LAB for industrial processes. Indeed, the innate probiotic characteristics of the strain, such as adherence to the host cell wall and acid tolerance during gastric transit, may also be improved by the overexpression of GroESL. In this respect, the fact that the GroEL protein is involved in the attachment of bacteria to host cells and to each other is well established (11, 15) . Furthermore, expression of the protein is induced by acid stress or cell contact in Clostridium difficile (15) ; thus, generation of a recombinant probiotic strain overproducing GroESL may afford the strain a selective advantage in the host GIT as well as promote its attachment there. Identification of other stressinduced proteins coupled with a more in-depth understanding of their mode of action could lead to their exploitation toward the generation of more robust probiotic bacteria.
